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NASA TTF-9377 

ANOMALOUS PLASMA DIFFUSION IN ION CYCLOTRON RESONANCE 

V. V. Chechkin, M. P. Vasil'yev, L. I. Grigor'yeva, B. I. Smerdov 

Physical Engineering Institute of the Academy of Sciences, 
Ukrainian SSSR 

ABSTRACT 

The phenomenon of heightened low-temperature plasma /145* 

diffusion across the lines of force of a constant uniform 

magnetic field, under conditions of high-frequency 

heating at a frequency close to the ion cyclotron fre- 

quency, is studied experimentally. The plasma was 

created in a glass tube by pulse discharge with elec- 

trons oscillating in hydrogen in a pressure range of 

5 x 10-4-5 x torr. The initial plasma density 

exceeded 1.7 x 10l3 ~ m - ~ .  

flowed along a spiral encircling a discharge tube, 

excited an electrical high-frequency field of 7.45 x lo6 

hertz and an axial period of 23 cm. 

attached condensers comprised an artificial line which 

was fed from a self-excited, pulse generator. In the 

An alternating current, which 

The spiral and its 

* Note: Numbers in the margin indicate pagination in the original 
foreign text. 



magnetic f i e l d  reg ion ,  where high-frequency energy 

is  s t rong ly  absorbed by the  plasma because of i o n  

cyc lo t ron  resonance, t h e  plasma decay t i m e  decreases  

sha rp ly ,  i f  t h e  high-frequency c u r r e n t  ampli tude i n  

t h e  s p i r a l  exceeds a c e r t a i n  c r i t i c a l  va lue  which 

depends on t h e  p re s su re  of a n e u t r a l  gas .  Thus, i o n  

d i f f u s i o n  ac ross  t h e  forces  l i n e s  of t h e  magnetic 

f i e l d  inc reases  and random o s c i l l a t i o n s  occur i n  t h e  

plasma. It has been experimental ly  e s t a b l i s h e d  t h a t  

a t  n e u t r a l  gas pressures  above t o r r ,  t h e  r a t i o  

of c r i t i c a l  c u r r e n t  s t r e n g t h  t o  p re s su re  remains 

cons tan t .  On t h i s  b a s i s ,  i t  is  assumed t h a t  anomalous 

d i f f u s i o n  occurs  when the  v e l o c i t y  of ion  d r i f t  under t h e  

in f luence  of an  a l t e r n a t i n g  azimuthal  e l e c t r i c  f i e l d  

rises above a c r i t i c a l  value.  This  is poss ib ly  

a s soc ia t ed  wi th  ''beam" i n s t a b i l i t y .  The p o s s i b i l i t y  

t h a t  "beam" i n s t a b i l i t y  w i l l  occur  i s  appa ren t ly  a l s o  

corroborated - as t h e  a n a l y s i s  shows - by t h e  f a c t  

t h a t  t h e  v e l o c i t y  acquired by an i o n  i n  an  azimuthal  

e lec t r ic  f i e l d ,  a t  a cu r ren t  which i s  c l o s e  t o  t h e  

c r i t i c a l  va lue ,  i n  t h e  i n t e r v a l  between two c o l l i s i o n s  

is  i n  o rde r  of magnitude equal  

of t h e  ions.. It is noted t h a t  

phenomenon of anomalous p lasma 

cyc lo t ron  resonance may be t h e  

t o  t h e  thermal v e l o c i t y  

t h e  i n v e s t i g a t e d  

d i f f u s i o n  i n  i o n  

cause of a c c e l e r a t e d  
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plasma decay, i n  a l l  devices  where t h e  plasma i s  

heated by s t rong  damping of t h e  i o n  cyc lo t ron  wave 

i n  t h e  reg ion  of i o n  cyc lo t ron  resonance and where 

cons iderable  high-frequency power i s  f ed  i n t o  t h e  

p lasma (Ref. 2 ,  3 ,  4 ) .  

1. Int roduct ion  

This  paper d e a l s  w i th  a n  experimental  i n v e s t i g a t i o n  of increased  .. 

d i f f u s i o n  of a plasma which is  loca ted  i n  a cons tan t  magnetic f i e l d  

and which i s  heated by a high-frequency f i e l d  whose frequency i s  c l o s e  

t o  i o n  cyc lo t ron  frequency. A br i e f  r e p o r t  (Ref. 1) con ta ins  p re -  

l iminary  d a t a  on acce le ra t ed  plasma decay i n  ion  cyc lo t ron  resonance. 

c_ 

_- 

So f a r  as w e  know, a l l  experiments us ing  t h e  phenomenon of s t rong  
, 

damping of t h e  i o n  cyc lo t ron  wave t o  hea t  plasma (Ref. 2 ,  3 ,  4 )  show 

t h a t  t h e  plasma decays r a p i d l y ,  i n  s p i t e  of being fed  s u b s t a n t i a l  

amounts of high-frequency power (on t h e  o rde r  of 100 kw o r  more) 

which is  s u f f i c i e n t  t o  h e a t  t h e  ions r a p i d l y  t o  high ene rg ie s .  

i n  a work by Hooke et a l .  (Ref. 2), t h e  gas  breaks down when t h e  high- 

frequency f i e l d  i s  switched on, and t h e  plasma dens i ty  quick ly  rises. 

Therea f t e r ,  r ap id  plasma decay begins and lasts u n t i l  t h e  d e n s i t y  

f a l l s  t o  some optimum va lue ,  a t  which an i o n  cyc lo t ron  wave is  generated.  

During genera t ion  of t h i s  wave, the decay rate decreases ,  b u t  a f t e r  

wave-generation comes t o  an end, t h i s  v e l o c i t y  aga in  rises. Plasma 

decay t i m e  i s  g r e a t l y  dependent on i n i t i a l  gas  p re s su re .  This  t i m e  

becomes less than  100 microseconds a t  p re s su res  on t h e  o rde r  of 

5 x 10-4 t o r r .  

Thus, 
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Nazarov et: a l .  (Ref. 3)  detec ted  a r ap id  "disappearance" of 

plasma from t h e  d ischarge  tube,  i f  t h e  high-frequency power fed  i n t o  

i t  exceeded a c e r t a i n  c r i t i c a l  va lue  which depended on i n i t i a l  gas 

p re s su re  and du ra t ion  of t h e  high-frequency vo l t age  pu l se  appl ied  

t o  t h e  c o i l .  

Boley e t  a l .  (Ref. 4 )  did  not  d i r e c t l y  measure t h e  plasma. 

However, t h e  au tho r s  s t a t e  t h a t  measurements of both t h e  magneto- 

hydrodynamic parameters of a wave exc i t ed  i n  a plasma and of t h e  

inpu t  impedance of t h e  system show t h a t  800 microseconds a f t e r  

t u rn ing  on t h e  high-frequency genera tor ,  1 .7% of t h e  i n i t i a l  

amount of deuterium remains i n  t h e  d ischarge  chamber. ( I t  w a s  

assumed i n  t h e s e  experiments t h a t  t h e  i n i t i a l  degree of plasma 

i o n i z a t i o n ,  which w a s  c r ea t ed  before  t h e  high-frequency f i e l d  w a s  

switched on as a s p e c i a l  source,  w a s  c l o s e  t o  loo%.) 
- 
The p resen t  work w i l l  show t h a t  anomalous d i f f u s i o n  ac ross  t h e  
1.. 

l i n e s  of f o r c e  of a cons tan t  magnetic f i e l d  occurs  i n  t h e  low- 

temperature  af ter-glow p la sma ,  on which i s  imposed a high- 

frequency f i e l d  wi th  a frequency c l o s e  t o  ion  cyc lo t ron  frequency, 

i f  t h e  amplitude of t h i s  f i e l d  exceeds a c e r t a i n  c r i t i c a l  va lue .  

This  heightened d i f f u s i o n ,  which causes  acce le ra t ed  plasma decay, is 

as soc ia t ed  wi th  t h e  conversion of t h e  plasma i n t o  a tu rbu len t  

s ta te  wi th  a broad spectrum of random o s c i l l a t i o n s .  The d a t a  

obta ined  make i t  p o s s i b l e  t o  assume t h a t  t h i s  phenomenon occurs  

when i o n  d r i f t  i n  a d i r e c t i o n  perpendicular  t o  t h e  cons tan t  magnetic 

f i e l d  reaches a d e f i n i t e  va lue ,  which can be  cha rac t e r i zed  by t h e  

I146 
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ratio of the high-frequency field amplitude to the neutral gas 

pressure. This may possibly be associated with "beam" instability. 

We would like to note that Nazarov et al. made the same assumption 

in (Ref. 3 ) .  

2. Description of Apparatus. Measurement Methods. 

We have elsewhere (Ref. 5) described in detail the apparatus in 

which plasma diffusion close to ion cyclotron resonance was investi- 

gated. 

electrons in hydrogen in a pressure range of 5 x 10'4-5 x 

The inside diameter of the glass discharge tube and the distance 

between electrodes were 6 cm and 88 cm, respectively. 

of the longitudinal quasi-constant magnetic field could be changed 

from 500 to 8000 gs. 

The plasma was formed by impulsive discharge with oscillating 

torr. 

The intensity 

The high-frequency field was excited in the plasma by an 

artificial LC-line with an inside spiral diameter of 7 cm. This 

line was fed from a pulse auto-generator of 7.45 x lo6 hertz. The 

sector of the spiral connected with the plasma covered 2.5 lengths 

of the standing wave (the axial period of the high-frequency field 

was about 23 cm). A s  was shown in work (Ref. 5 ) ,  the maximum high- 

frequency power imparted by the generator to the plasma under 

conditions of ion cyclotron resonance was 18 kw, with a plasma 

density of 1.7 x 10l3 ~ m - ~ .  

frequency current j in the spiral was 30 a/cm. In the experiments 

described below, the generator was switched on after the discharge 

The amplitude of the azimuthal high- 
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current pulse was over, and j at maximum was 20 a/cm. Because of 

the low input line impedance, the amplitude of high-frequency voltage 

in the antinode of the standing wave was 1.6 kw in all. 

tary heating of the plasma electrons and ionization of the neutral 

gas by a longitudinal, high-frequency electrical field E,, which 

was connected with the longitudinal current component in the spiral, 

were insignificant in the most interesting measurement region of j. 

All the effects which will be described below remained unchanged 

when a so-called electrostatic screen - which substantially 
attenuated the field E, in the space behind this screen - was placed 

Supplemen- 

between the spiral and 

The average (with 

tube) density 2 of the 

the discharge tube. 

respect to the cross-section of the discharge- 

plasma electrons was measured with a very 

simple interferometer system for a wavelength of 8.1 mm. The 

transmitting and receiving horns were pointed at the plasma from a 

distance of 2 cm from the end of the spiral. 

measured on oscillograms of the interference signal as the distance 

between two adjacent maxima (or minima). The quantities pertaining 

to a certain plasma density (saturation current at the probe, 

electron temperature) were measured for the density to which the 

interference signal minimum (or maximum) corresponded, which were 

situated between the extremes defining T. 

Decay time T was 

The ion diffusion current across the magnetic field was measured 

by a flat boundary probe, which represented a thin round molybdenum 

disk of 6 ntm diameter. This was inserted into the discharge tube at 
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t h e  spo t  where t h e  d e n s i t y  w a s  being measured, and w a s  f i x e d  a t  t h e  

same l e v e l  as t h e  la teral  s u r f a c e  of t h e  tube.  

nega t ive  p o t e n t i a l  of 100 v, r e l a t i v e  t o  t h e  cathodes of t h e  plasma 

source ,  and opera ted  under condi t ions  of i on  cu r ren t  s a t u r a t i o n .  

S t r i c t l y  speaking, t h e  amplitude of t h i s  c u r r e n t  should depend no t  

only on t h e  amplitude of t h e  ion  stream a t  t h e  probe, bu t  a l s o  

on temperature  Te of t h e  plasma e l e c t r o n s  , being p ropor t iona l  t o  

Te1’2. 

i n t e r e s t i n g  cases i t  w a s  poss ib l e ,  based on t h e  s a t u r a t i o n  c u r r e n t  

magnitude, t o  make a q u a l i t a t i v e  e s t ima te  of t h e  plasma d i f f u s i o n  

rate ac ross  t h e  magnetic f i e l d  as a func t ion  of parameters ,  such 

as t h e  magnetic f i e l d  o r  high-frequency s p i r a l  cu r ren t .  This  w a s  

due t o  t h e  f a c t  t h a t ,  when t h e s e  parameters were changed, t h e  sa tu ra -  

t i o n  c u r r e n t  w a s  a b l e  t o  change by more than  an  o rde r  of magnitude, 

whi le  

The probe had a 

A s  w i l l ,  however, be evident  from what fo l lows ,  i n  t h e  most 

t h e  e l e c t r o n  temperature changed a maximum of f i v e  t i m e s .  

The plasma e l e c t r o n  temperature w a s  c a l c u l a t e d  from t h e  i n t e n s i t y  

of t h e  HB l i n e  i n  t h e  d ischarge ,  a t  a given e l e c t r o n  d e n s i t y  and 

g iven  n e u t r a l  gas  pressure .  I n  the 1.7 x 10l3-2.5 x 1 0 l 2  cm-3 

d e n s i t y  range,  which w a s  measured by a r a d i o  in t e r f e romete r ,  t h e  main 

process  r e spons ib l e  f o r  emission of t h e  l i n e  i n  t h e  co ld  decaying 

plasma - when t h e r e  is  no high-frequency f i e l d  - i s  e l e c t r o n  recom- 

b i n a t i o n  a t  an  exc i t ed  level ( R e f .  6 ,  7 ) .  The work (Ref. 7) a l s o  

demonstrated t h a t  t h i s  recombination w a s  t r i p a r t i t e  and they found 

an  a n a l y t i c a l  express ion  f o r  i t s  c o e f f i c i e n t ,  agree ing  w e l l  wi th  

experimental  r e s u l t s ,  as a func t ion  of n and Tea  When t h e  high- 
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freqency field is switched on, the electrons are heated due to which 

the contribution to the intensity of line radiation - caused by 

recombination conversions ( - Te-2) - decreases, and the intensity 
of radiation due to excitation by the electron collision increases. 

A calculation of intensity IB of  line HB as a function of Te at a 

given density of plasma and neutral atoms (the appropriate theoreti- 

cal expression for 16 was derived by 0. S. Pavlichenko) showed that 

under our conditions (n m 5 x 10l2 ~ m - ~ ,  initial electron temperature 

- 0.1 ev, degree of ionization ~ 1 % ) ~  the function Ifi(Te) at first 

rapidly decreased as Te increased, passed through a minimum in the 

Te M 0.8 ev region, and then again began to increase. The expression 

for the recombination factor in the computation was taken from 

work (Ref. 7), while appropriate expressions from (Ref. 8), averaged 

over the Maxwell distribution, were used as excitation and ionization /147 

factors. 

We also used the dependence IB(Te) which was calculated in this 

way to compute the temperatures of the electrons in the plasma. It 

must be noted that the Te determined in this way contains a certain 

indeterminacy caused by our lack of knowledge of the real energy 

distribution of the electrons in the plasma. 

The intensity of HB n the plasma was measured with an UM-2 

monochromator and a FEU-19M photomultiplier. 
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3. Principal Experimental Results. 

Our experiments in investigating anomalous plasma diffusion when 

the plasma was heated in ion cyclotron resonance may be divided into 

two groups. 

the amplitude of the high-frequency field and measured the plasma 

decay time, ion saturation current for the probe, and other quantities 

as a function of the intensity of the constant magnetic field H. 

To the first group we assign the measurements which fixed 

Without a high-frequency field, the plasma decay time in the 

1.7 x 10l3-2.5 x 10l2 cm-3 density range does not depend on H for 

Hz 1.5 kg force. A s  (Ref. 9) points out, the explanation for this 

is that after-glow plasma density decrease in large magnetic fields 

is caused mainly by electron-ion recombination, not by diffusion. 

Figure la shows the function T(H)  with the high-frequency field 

switched on. In these measurements, the initial hydrogen pressure 

was torr, the high-f requency current amplitude in the spiral 

was 18 a/cm, and the time required for plasma density decrease from 

1.1 x 1013 to 5.1 x 10l2 

as H increases, T drastically decreases for H = 4.5 kg force, and 
remains small up to H w 6.5 kg force. It is known from (Ref. 5) 

that in this region of the magnetic fields, strong absorption of the 

high-frequency energy from ion cyclotron resonance occurs. (In all 

graphs, the broken vertical line denotes the field Ho = 4.9 kg force 

corresponding to the cyclotron resonance of a solitary ion at the 

generator frequency.) Under the conditions described, the maximum 

absorption power was approximately 3 kw at a density of 7.6 x 1 0 l 2  ~ m - ~ .  

was taken as T. A s  follows from the graph, 

9 



Figure  l b  shows t h e  dependence of t h e  ion  c u r r e n t  J i  of s a tu ra -  

t i o n  a t  t h e  probe on t h e  magnetic f i e l d  s t r e n g t h  a t  t h e  d e n s i t y  

7.6 x 10l2 ~ m - ~ .  

small, t h e r e  i s  a s u b s t a n t i a l  i nc rease  i n  t h e  i o n  d i f f u s i o n  stream 

a c r o s s  t h e  magnetic f i e l d .  

I n  t h e  reg ion  of t he  magnetic f i e l d s  where T i s  

W e  must n o t e  (as w i l l  be  s t a t e d  i n  more d e t a i l  below) t h a t  t h e  

c u r r e n t  p u l s e  a t  t h e  probe under condi t ions  of heightened d i f f u s i o n  

w a s  made up of a cons tan t  component, on which were imposed random 

n o i s e s  (low-frequency as compared t o  genera tor  frequency) whose ampli- 

tude  could amount t o  50% of t h e  t o t a l  impulse magnitude. 

of t h e  cons tan t  component and t h e  mean amplitude of t h e  n o i s e s  i n  t h e  

v i c i n i t y  of a p o i n t  of g iven  dens i ty  w a s  used as Ji. The va lue  of J i  

w a s  averaged over several (up t o  f i v e )  osc i l lograms.  

The sum 

I n  F igure  IC, t h e  ampli tude of t h e  above-mentioned n o i s e s  i n  /148 

t h e  v i c i n i t y  of a po in t  having the  d e n s i t y  7.6 x 1 0 l 2  ~ m - ~  i s  p l o t t e d  

as a func t ion  of H. 

F i n a l l y ,  F igures  I d  and l e  show t h e  i n t e n s i t y  1 6  of l i n e  H B  as 

a func t ion  of magnetic f i e l d  s t r e n g t h  and t h e  thus-computed curve 

Te(H) f o r  a p lasma d e n s i t y  of 7.6 x 1 0 l 2  ~ m - ~ .  

t h e  plasma i s  heated considerably i n  t h e  magnetic f i e l d  reg ion  which 

is  somewhat h igher  t han  Ho, because of t h e  abso rp t ion  of high-frequency 

energy. 

A s  w a s  t o  b e  expected,  

It thus  fol lows from t h e  above d a t a  t h a t  plasma decay t i m e  i n  

t h e  magnetic f i e l d  reg ion ,  where t h i s  plasma v igorous ly  absorbs high- 

frequency energy, s u b s t a n t i a l l y  decreased - d e s p i t e  t h e  inc rease  i n  

10 
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(6) MArHnTHOE RDIIE, H (HTCI 

Figure 1 

Dependence of Magnetic F i e l d  on (a )  Decay T i m e ,  (b) Ion Current ,  
( c )  Noise Current ,  (d) HB Line S t r eng th ,  and (e) E lec t ron  Tempera- 
t u r e  a t  a Given High-Frequency F ie ld  Amplitude. 

(1)-Decay T i m e ,  T (microseconds);  (2)-Ion Current ,  J i  ( r e l a t i v e  
u n i t s ) ;  (3)-Noise Current ,  Jn ( r e l a t i v e  u n i t s ) ;  ( 4 )  H S t r eng th ,  
IB ( r e l a t i v e  u n i t s )  ; (5)-Electron Temperature, T e  (evf ; (6)-Mag- 
ne t ic  F i e l d ,  H (kg fo rce )  
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plasma temperature.  

a l s o  t o  inc rease ,  s i n c e  t h e  recombination rate drops.  The f a c t  t h a t  

t h e  i o n  s a t u r a t i o n  cu r ren t  a t  t h e  boundary probe s imultaneously in-  

creases as t h e  decay t i m e  decreases  i n d i c a t e s  t h a t  t h e  cause of t h i s  

acce le ra t ed  decay i s  heightened plasma d i f f u s i o n  ac ross  t h e  magnetic 

f i e l d  l i n e s  of f o r c e , a s  a r e s u l t  of t h e  high-frequency f i e l d  hea t ing  

of t h e  plasma. F i n a l l y ,  t h e  i n t e n s e  no i ses  a t t end ing  t h i s  acce le ra t ed  

decay enables  us  t o  assume t h a t  t h e  increased  d i f f u s i o n  is  caused by 

plasma i n s t a b i l i t y  i n  t h e  high-frequency f i e l d .  

It would seem t h a t  t h e  de ion iza t ion  t i m e  ought 

F igure  2 g ives  func t ions  T(H) measured a t  d i f f e r e n t  ampli tude 

va lues  of t h e  high-frequency cu r ren t  i n  t h e  s p i r a l .  These measure- 

ments w e r e  a l s o  made a t  a pressure  of t o r r ,  bu t  t h e  t i m e  

r equ i r ed  f o r  t h e  d e n s i t y  t o  decrease from 7.6 x 10l2 t o  2.5 x 10l2  

w a s  adopted as T. The high-frequency c u r r e n t  ampli tudes,  a t  which 

t h e s e  dependences were recorded,  are ind ica t ed  i n  t h e  f i g u r e s  f o r  each 

curve.  Plasma decay t i m e  f o r  a l l  va lues  of j i nc reases  as t h e  mag- 

n e t i c  f i e l d  approaches H o ,  because of reduced e l e c t r o n  recombination 

as Te rises. 

begins ,  which i s  connected wi th  the  appearance of increased  d i f f u s i o n .  

A s  t h e  high-frequency cu r ren t  rises f u r t h e r ,  a cons t an t ly  deepening 

"dip" appears  on t h e  T(H)  curves  i n  t h e  magnetic f i e l d  reg ion  where 

t h e  high-frequency power absorbed by t h e  p lasma i s  maximum. 

However, f o r  j X 3 a/cm "deformation" of t h e  T(H)  curve 

To t h e  second group w e  s h a l l  a s s i g n  t h e  measurements which 

recorded t h e  dependences of decay time, ion  cu r ren t  a t  t h e  probe, and 

HB i n t e n s i t y  on high-frequency f i e l d  magnitude f o r  a f ixed  magnetic 

1 2  



Figure 2 

Dependence of Decay T i m e  on Magnetic F i e l d  f o r  D i f f e ren t  
Current Values i n  the S p i r a l  

(1)-Decay T i m e ,  T (microseconds); (2)-Magnetic F i e l d ,  H (kg fo rce )  
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f i e l d .  Figure 3 shows dependences of t h i s  type.  Hydrogen p res su re  

i n  t h e s e  measurements w a s  5 x 

plasma d e n s i t y  t o  drop form 1.1 x 1 0 l 3  t o  5.1 x 10l2 

as T. The cons tan t  magnetic f i e l d  w a s  f i xed  a t  t h e  5.6 kg f o r c e  

p o i n t ,  where t h e  decay rate i n  t h i s  d e n s i t y  range w a s  maximum. 

high-frequency cu r ren t  amplitude j w a s  p l o t t e d  on t h e  h o r i z o n t a l  

axes. 

t o r r .  The t i m e  r equ i r ed  by t h e  

w a s  used 

The 

The dependence of T ( j )  i s  p l o t t e d  i n  F igure  3a.  A s  t h e  s p i r a l  

c u r r e n t  i nc reases ,  t h e  decay t i m e  first i n c r e a s e s  because of plasma 

hea t ing ,  and then  - when t h e  high-frequency c u r r e n t  reaches  a c e r t a i n  

c r i t i c a l  va lue  of j c  (2.2 a/cm under t h e  given condi t ions)  - t h e  

decay t i m e  begins  t o  decrease .  

Figure 3b shows t h e  dependence on j of t h e  i o n  s a t u r a t i o n  c u r r e n t  

a t  t h e  probe a t  a d e n s i t y  of 7.6 x 1 0 l 2  ~ m ’ ~ .  

t h e  monotonic i n c r e a s e  of J i  begins as j i n c r e a s e s ,  wh i l e  f o r  j 

t h e  dependence of J i ( j )  i s  represented by a s t r a i g h t  l i n e  which 

i s  i n c l i n e d  toward t h e  h o r i z o n t a l  axis w i t h i n  t h e  l i m i t s  of measuremnet 

I n  t h e  j M j c  reg ion ,  

;L 5 a/cm 

/ 149  

* e r r o r .  It is  i n t e r e s t i n g  t o  no te  t h a t ,  i f  extended toward t h e  reg ion  

of decreas ing  j ,  t h i s  s t r a i g h t  l i n e  i n t e r s e c t s  t h e  h o r i z o n t a l  axis 

a t  t h e  po in t  j M j,. 

I n  t h e  examination of t h e  dependence of . c ( j ) ,  i t  is  evident  

t h a t  w i th  l a r g e  enough va lues  of j ,  t h e  r a t e  a t  which T decreases  i s  

r e t a r d e d ,  and tends  towards a c e r t a i n  s a t u r a t i o n  on t h e  o rde r  of 50 

microseconds. A t  t h e  same t i m e ,  d i f f u s i o n  c u r r e n t  cont inues  t o  rise. 

W e  may t h e r e f o r e  assume t h a t  decay T i s  re t a rded  f o r  l a r g e  high- 

14 
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Y ... 
i .- 
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( 4 )  ;: 
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Figure 3 

High-Frequency Field Amplitude as a Function of (a) Decay Time, 
(b) Ion Current, (c) H B  Line Intensity and (d) Electron Tempera- 
ture for a Given Magnetic Field. 

(1)-Decay Time, T (microseconds); (2)-Ion Current, Ji (relative 
units); ( 3 ) - H B  Intensity, IB (relative units); (4)-Electron Tem- 
perature, Te (ev); (5)-Current in Spiral, j (a/cm) 

frequency field amplitudes because of the ionization of the neutral gas, 

which partially compensates for the rapid decrease in plasma density 

resulting from diffusion. Computations show that gas ionization under 

our conditions must exert a marked effect on T at an electron tempera- 

15 
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t u r e  on t h e  o rde r  of 1 ev. 

a t  resonance f o r  l a r g e  high-frequency f i e l d s .  

l i n e  emission s t r e n g t h  on j a t  a dens i ty  of 7.6 x 1 0 l 2  ~ m - ~ ,  and 

t h e  Te va lues  computed from t h i s  s t r eng th ,  are represented  i n  

F igure  3c and 3d. 

This  temperature i s  a c t u a l l y  reached 

The dependence of H B  

The graphs of Figure 4 g ive  a few T ( j )  curves ,  recorded a t  

d i f f e r e n t  p re s su res .  Plasma decay t i m e  w a s  measured from 7.6 x 1 0 l 2  t o  

2.5 x 1 0 l 2  cm-3 f o r  H = 5.6 kg f o r c e  J u s t  as i t s  rise f o r  j < jc ,  SO 

t h e  decrease  of T f o r  j > j c  proceeds f a s t e r ,  t h e  lower t h e  p re s su re .  

The upper s e c t i o n  of Figure 4 g ives  t h e  dependence of j c ( p ) ,  

where p i s  n e u t r a l  gas pressure .  When p 2 t o r r ,  t h i s  dependence 

i s  obviously represented  by a s t r a i g h t  l i n e  and t h e  r a t i o  

j c / p  = cons t  

ho lds .  

The p r a c t i c a l  s i g n i f i c a n c e  of t h i s  i s  t h a t  anomalous d i f f u s i o n  

has  i t s  s ta r t  a t  a c e r t a i n  ion  d r i f t  rate i n  t h e  p lasma.  

For magnetic f i e l d  s t r e n g t h s  d i f f e r i n g  from those  i n  which t h e  

g r e a t e s t  plasma absorp t ion  of high-frequency energy occurs ,  t h e  

dependence of T ( j )  i s  of t h e  same n a t u r e  as i n  F igure  4 .  However, i n  

t h i s  case, increased  d i f f u s i o n  begins a t  a g r e a t e r  high-frequency 

s p i r a l  c u r r e n t ,  whi le  plasma decay f o r  j > 

The above i s  i l l u s t r a t e d  by Figure 5 ,  which p resen t s  two dependences 

of T ( j ) ,  one measured f o r  H = 5.6 kg f o r c e  (curve wi th  a sharp  

maximum) and t h e  o t h e r  f o r  H = 3.75 kg f o r c e .  

a t  a hydrogen p res su re  of 

j c  decreases  more s lowly.  

Both curves are recorded 

t o r r ,  whi le  t h e  t i m e  requred f o r  
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Figure 4 

Decay T i m e  as a Function of Current i n  S p i r a l  wi th  Respect t o  Pressure :  
- p = 5 x 10-3 t o r r ;  A - 1.5 x - 1.5 x 10-2; 

0 - 2 x The Upper Figure Gives t h e  Dependence of Cr i t ica l  
Current on Neut ra l  G a s  Pressure .  

(1)-Decay T i m e ,  'I (microseconds); (2)-Current i n  S p i r a l  j (a/cm); 
( 3 ) - ~ r i t i c a l  Current ,  j c  (a/cm) ; ( 4 ) - ~ r e s s u r e  (10-2 t o r r )  

d e n s i t y  t o  decrease  from 7.6 x 1 0 l 2  t o  2.5 x 10l2  cm-3 i s  used as T. 

A s  w a s  a l r eady  noted above, t h e  decrease  i n  plasma decay t i m e  and /I50 

t h e  inc rease  i n  d i f f u s i o n  ac ross  t h e  magnetic f i e l d  is  accompanied by 

i n t e n s e  random o s c i l l a t i o n s  of the  i o n  c u r r e n t  a t  t h e  probe. F igure  6 

(lower ray)  g ives  a t y p i c a l  i on  cu r ren t  osci l logram recorded f o r  

H = 5.6 kg f o r c e  and j = 20 a/cm. 

f e d  t o  t h e  inpu t  of t h e  upper r ay .  

The high-frequency l i n e  vo l t age  i s  

Scanning per iod is  1000 microseconds. 
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I 1 , 
0 5 10 15 20 25 30 

(2) T O K  n cnwm, I [ a / t u ~  

Figure 5 

Decay T i m e  as a Function of S p i r a l  Current f o r  H = 5.6 kg f o r c e  
(Curve wi th  Sharp Maximum) and H = 3 . 7 5  kg fo rce .  

(1)-Decay T i m e ,  'I (microseconds); (2) -Spi ra l  Curren t ,  j (a/cm) 

The maximum va lue  of t h e  ion  cur ren t  f o r  l a r g e  plasma d e n s i t i e s  is  

"k i l l ed"  by t h e  osc i l l og raph  ampl i f i e r  when scanning begins .  The ion 

c u r r e n t  p u l s e  a t  t h e  probe w a s  l ed  t o  t h e  osc i l l og raph  inpu t  through 

a low-frequency f i l t e r  wi th  a l o 6  h e r t z  frequency c u t o f f .  

The tu rbu len t  s ta te  of t h e  p lasma i n  a s t rong  high-frequency f i e l d  

and a cons tan t  magnetic f i e l d ,  which i s  somewhat h ighe r  than  Hg, may 

a l s o  be  determined from t h e  osci l logram forms of t h e  i n t e r f e r e n c e  

s i g n a l .  F igure  7b shows such an osc i l logram recorded f o r  j > j,. 

For purposes of comparison, Figure 7a g ives  an i n t e r f e r e n c e  p a t t e r n  

obta ined  f o r  j < j c ,  i . e . ,  f o r  a ' 'quiet"  plasma. 
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Figure 6 

Ion Current for Probe (Lower Ray) and High-Frequency Voltage 
for H = 5.6 kg force and j = 20 a/cm. 

4 .  Discussion of Results 

Our experimental data permit us to conclude that heightened diffusion 

of particles across the magnetic lines of force occurs in a plasma 

heated by a high-frequency field, at a frequency close to ion cyclotron 

frequency, if the high-frequency field amplitude exceeds a certain 

critical value. The coefficient of this diffusion is considerably 

larger than that of ambipolar diffusion across a magnetic field with 

the same plasma parameters. In fact, as shown by computations made 

for the conditions of Figure 3 ,  for j = 8 a/cm (p = 5 x torr; 

Te z 1 ev; n = 7.6 x 10l2 ~ r n - ~ ;  H = 5.6 kg force), this ambipolar 

diffusion coefficient must be approximately 20 cm2 sec-l. 

diffusion coefficient equals lo3 cm2 sec-I in order of magnitude. 

The magnitude of the diffusion coefficient, estimated on the basis of 

the plasma decay time, amounts to not less than 5 x l o 4  cm2 sec-l. 

The Bohm 
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Figure 7 

I n t e r f e r e n c e  S igna l  f o r  (a )  "Quiet" Plasma ( j  < j c )  
and (b) f o r  j 

I 

> jc. 

I n  examining t h e  p u l s e  shape of t h e  i o n  s a t u r a t i o n  cu r ren t  a t  t h e  

probe, w e  may conclude t h a t  anomalous d i f f u s i o n  i s  as soc ia t ed  wi th  

conversion of t h e  plasma i n t o  a tu rbu len t  s t a t e  wi th  a broad o s c i l l a -  

tion spectrum. 

Proceeding from r e l a t i o n s h i p ,  der ived  experimental ly  f o r  h igh  /151 

pressures, w e  may assume t h a t  anomalous plasma d i f f u s i o n  

occurs  when t h e  i o n  d r i f t  rate across  a magnetic f i e l d ,  under t h e  

in f luence  of a high-frequency azimuthal e lec t r ic  f i e l d ,  reaches a cer- 

t a i n  c r i t i ca l  va lue .  

I n  t h i s  connect ion,  it i s  re levant  t o  estimate t h e  d i r e c t e d  v e l o c i t y  

acqui red  by ions  i n  a high-frequency azimuthal  f i e l d  when j 

This  i s  poss ib ly  a s soc ia t ed  wi th  "beam" i n s t a b i l i t y .  

jc .  

By way of an example, w e  w i l l  examine t h e  condi t ions  under which 
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depicted in Figure 3 were obtained (p = 5 x torr; 

= 7.6 x 10l2 ~ m - ~ ;  j = 2.2 a/cm; Te "N 0.2 ev). Under these condi- 

ions, the high-frequency power absorbed by the plasma does not exceed 

w/cm3, and the difference between ion and electron temperature is I J 
small, so that we may assume Ti x Te. Assuming 0 = 5 x cm2, 

where o is the effective cross-section of ion collisions with neutral 

atoms, we obtain a value of lo6 sec-l for the effective frequency of 

ion-neutral collisions. The effective frequency of ion-electron 

Coulomb collisions is also lo6 sec-l. We then obtain 5 x lov7 sec 

for the mean interval between two ion collisions. 

In order of magnitude, the electrical eddy field strength in a 

plasma for the radius r = 3 . 0  cm is E M IT rwjc x 1 v/cm. The 

velocity acquired by an ion in this field between two collisions under 

resonance conditions 

is comparable to the mean thermal ion velocity. This also points to 

the possibility that "beam" instability will occur [the formation of 

9 

is 4 x lo5 cm/sec, and in order of magnitude, 

beam" instability occurring in cyclotron heating, as a result of the 

relative motion of ions and electrons in an ion cyclotron wave field, 

has been studied by Kurilko and Miroshnichenko (Ref. 10) and Stepanov 

(Ref. ll)]. 

I 1  

In conclusion, we would note that the same phenomena may also 

occur in the works (Ref. 2, 3 ,  4 ) ,  where the high-frequency field 

strengths exceed those in our experiments by at least an order of 

magnitude. When great, high-frequency power is fed to an incompletely 

ionized plasma, the rapid heating of this plasma leads to intense 
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i o n i z a t i o n  of t h e  n e u t r a l  gas ,  thus  t o  a cons iderable  degree balancing 

t h e  acce le ra t ed  decay e f f e c t  caused by anomalous d i f f u s i o n .  

t h i s  expla ins  t h e  f a c t  t h a t ,  i n  t h e  experiments of Hooke et  a l .  (Ref. 2 ) ,  

t h e  plasma decay rate decreases  when a dens i ty  i s  reached i n  t h e  d is -  

charge which is  optimum f o r  i on  cyc lo t ron  wave genera t ion .  

experiments of Nazarov e t  a l .  (Ref. 3 ) ,  t h e  d ischarge  tube  diameter 

w a s  smaller than  t h a t  used by Hooke, bu t  t h e  high-frequency power i n t r o -  

duced pe r  volume u n i t  w a s  l a r g e r .  For t h e s e  reasons ,  plasma decay 

from anamolous d i f f u s i o n  must occur more r a p i d l y  under cond i t ions  of 

(Ref. 3) than  under t h e  condi t ions  of (Ref. 2 ) .  Plasma "disappearance" 

from t h e  d ischarge  chamber se ts  i n  a f t e r  complete ''burn-up" of t h e  

n e u t r a l  gas .  

Apparently 

I n  t h e  

We would l i k e  t o  express  our  g r a t i t u d e  t o  Y a .  B. Faynberg, V. T. 

Tolok, and K. N.  Stepanov f o r  d i scuss ing  t h e  work and making u s e f u l  

remarks. 
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